Abstract: Sculptured thin films (STFs) are engineered films having tailored morphology and high porosity. Henceforth, we can elicit desired optical responses upon light excitation in these films. The oblique deposition of the nanocolumns and the resulting anisotropic properties have been discovered over the past decade. Their discovery has lead to unique and predictable optical, mechanical, electrical, magnetic, thermal, and biological properties. To study the optical response of such STFs, we introduced a central defect in a perturbed chiral STF (CSTF), which transmits light of one circular polarization state and reflects the other in a spectral Bragg regime. The perturbed CSTF reflects light of both circular polarization states in the Bragg regime if the amplitude of modulation of vapor incident angle increases. A structurally chiral layer defect or either central twist defect in a perturbed matched CSTF fabricated a narrow bandpass (ultranarrow bandstop filter) and Bragg reflectors depending upon the thickness and periods of these nanostructures. However, both the ultranarrow bandstop filter and Bragg reflectors have become polarization insensitive by the appropriate modulation of the tilt nanohelixes of perturbed CSTFs. Moreover, simulation revealed that the polarization-insensitive Bragg mirrors, laser mirror, and Bragg reflector were fabricated using such CSTF structures having structural defect. These structural nanomaterials are very tolerant when the amplitude of modulation of vapor incident angle is sufficiently large. It has been also examined that different STFs structures of different refractive indices and porosity are fabricated by changing deposition angle and angle of inclination through modulation and glancing angle deposition.
Introduction
Nano-structures of chiral sculptured thin films (STFs) are an array of helical shaped nanowires perpendicular to the surface of substrate [1] , which are fabricated by using physical vapor deposition (PVD) at suitable temperatures and pressures [2] . These structures are anisotropic dielectric materials with a dyadic permittivity [3] . Such helical nanowires are used to transmit light of one circular polarization state and reflect of other for normal incidence of light [3] . The incident light behaves as a switching tool for both chiral and cholesteric liquid crystals (CLCs) in a Bragg regime of different wavelengths, i.e., the light of right-handed and lift-handed circular polarizations are reflected and transmitted in certain band of frequencies for circular polarization [4] .
Chiral STFs reflects the circularly polarized light with same handedness, but with a very little of other in the Bragg regime of free-space wavelength, which is called circular Bragg phenomenon [3] . Chiral STFs find applications in integrated circuits, laser mirrors, optical filtering, and biochemistry [5] - [7] . At a specific wavelength the polarization-sensitive and insensitive spectral holes occur in certain Bragg regimes for chiral STFs. The bandwidth and central wavelength of the Bragg regime produces engineered width spectral hole filters by controlling the structural period of the nano-helixes during fabrication, which is commonly achieved by rotation of substrate in direction of vapor flux. The spectral holes produces different filters, which are tunable and shifted in the free-space wavelength of Bragg regime [3] . These chiral sculptured thin films (CSTFs) having fluid infiltration can also be used for optical sensing via spectral shift in the Bragg phenomenon [8] .
Spectral holes can be made by growing one STF on top of another, both of the same thickness and either same or different structural handednesses with defects in the center [9] - [14] . The two chiral STFs sections produce a circular polarization-independent band-reject filters [15] . The central 90°twist defect between two sections of chiral STFs is used for fabrication of spectral hole, which occurs at the center of free-space wavelength of Bragg regime [13] . Matched cholesteric liquid crystals (CLCs) of different structural handedness are used for the fabrication of such type of filters [16] , which are insensitive on minor temperature variations. In STF technology, filters are fabricated in liquid crystals having layered spacers [17] . A tilt-modulated chiral STF is used as an alternative STF technology for fabrication of polarization-insensitive filters as well [18] - [20] . The structural defect in chiral STF is also used for fabricating different band filters as known from the previous studies [13] , [19] . The structural defects in chiral liquid crystals can also behave like that [9] , [10] , [12] , [21] . All these filters which occur in a spectral regime of freespace wavelength are called spectral-hole filters. The spectral-hole filters also have many applications for circularly-polarized light sources [24] and notch filters [15] . The spectral-hole filters can be sensitive as well as insensitive such as in rugate filters [25] for circularly polarized light.
Here, we have introduced structural central defect in a perturbed chiral STFs of Tantalum oxide nanostructures, where the direction of arriving vapor flux on a substrate is modulated by a periodic function [18] , [26] , which changes the structures of the chiral STFs. Before this, the tiltmodulated chiral STF and its ability to behave as circular-polarization insensitive Bragg filter is studied in [18] , [26] - [28] . In this work, we use different Tantalum oxide (TaO 2 ) nanomaterials structures by changing the vapor incident angle. This material is very tolerant towards the small changes of modulation of vapor incident angle. Tantalum oxide films have a high refractive index, therefore it is a very good candidate for optical coating. It can transmit light easily in visible and infrared regions because they have thermal and chemical stabilities [29] . The films of these materials monitoring optical system to allowed the production of bandpass filters having good performance in optical devices [29] . These properties solely depend on column angle and porosity of the thin film, which increase with the deposition angle of vapor flux. The porosity in these sculptured thin films is inversely proportional to the refractive index of the materials. Through glancing angle deposition (GLAD) technology we have fabricate similar optical thin films, controlling the refractive index through porosity [30] . Porous sculptured thin films of TaO 2 , which have these optical properties are fabricated by using such a process. Here in the manuscript we will see the optical response of such (TaO 2 ) nanostructures to answering the following questions. We study how the spectrum of the circularly polarized light is controlled over modulation using chiral STFs nanostructures of (TaO 2 ) and how the perturbation in chiral STF due to modulation of vapor incident angle changes the tolerance of the filters and Bragg reflectors in the direction of vapor flux. We also study how polarization insensitive and sensitive filters of selectively passing light of small range of wavelength is made by using perturbed chiral STFs with central defect and different nanostructures are created and its defect nanostructures are used for the fabrication of Bragg mirror and Bragg reflectors in different regimes of wavelength.
The perturbed chiral STF nanostructure is briefly discussed in Section 2, its numerical results are presented in Section 3 and at the end concluding remarks are presented in Section 4. For incident light we have used expðÀi!t Þ time-dependency, in which ! is an angular frequency. The
, denoted the wavenumber, wavelength, and the intrinsic impedance of free space, respectively, while a " o and o being the permittivity and permeability of free space. The vectors are denoted by boldface letters and for dyadics we have used twice underlined. The Cartesian unit vectors are represented as u x , u y , and u z .
Theory
Consider the schematic diagram in Fig. 1 showing the nanostructures of perturbed chiral STFs with a structural central defect at z ¼ 0. These STFs are periodically nonhomogeneous having permittivity dyadic as
where the " ref ðzÞ is the locally orthorhombic symmetry of the helical STF, which is expressed through dyadic function as
the nanoscale columns of the local tilt in nanostructured chiral STF with respect to the xy plane are expressed by the unitary dyadic as
Here " a;b;c ðzÞ is scalar relative permittivity of the STF. ðzÞ is the tilt angle varies as a function of depth into the film (along the z-axis), which is a function of vapor incidence angle v ðzÞ. The tilt angle 2 ½0; =2 is relative to the xy plane. The sinusoidal modulation of the vapor incidence angle is expressed by Polo et al. [18] as
in which v is the average of v ; v is the amplitude modulation and N mod is the number of oscillation of the perturbed nanostructures, which may be integer or half integer over full or half structural period. The same relation of column angle and deposition angle v without modulation using Tait's rule, which measures the porosity and index of refraction using tangent rule for the GLAD process [31] as The local aciculate morphology i.e. S z ð AE Þ of chiral STF from (1) is described by using the following dyadic function as
where
which contains the structural period of the given nanostructure 2 ; h shows the handedness of given helical nanostructure, h ¼ 1 for structural right-handedness and h ¼ À1 left for handedness and þ À À shows the defect at z ¼ 0. For optical study we consider a plane wave of circularly polarized light normally excited on the chosen cascaded structures of STF from a half-space of z 0. As a result circularly polarized plane wave is reflected in the same half-space as well as transmitted into another halfspace at z ! L. The incident, reflected, and transmitted field phasors can be expressed as [3] . The incident and reflected fields in half space at z 0 is
where a L , a R , r L , and r R , are the amplitudes of lift and right circularly polarized light of incident and reflected fields respectively. The transmitted field phasors in the upper half-space at z ! L is given as
in which t L , and t R , are the amplitudes of lift and right circularly polarized light of transmitted field. In the field expressions s and pAE are the unit vectors, which are given as
Using boundary-value problem and source-free Maxwell curl postulates, to find the circularly polarized components of the reflected and transmitted plane waves for normal incident of circularly polarized light has been formulated else-where [3] . After that, using Fresnel's equations to find out the co-and cross components of reflection and transmission coefficients. The magnitude square of a co-and cross polarized components of reflection or transmission coefficient is the corresponding reflectance or transmittance; thus, we can write as R LR ¼ jr LR j 2 is the reflectance corresponding to the reflection coefficient r LR , and so on [3] . All the coefficients are calculated by using numerical technique because, of inhomogeneous layered of STFs. The perturbed chiral STF is inhomogeneous; therefore, it has been modeled using piecewise-uniform approximation technique [3] and Floquet-Lyapunov theorem [33] to homogenized. In this technique these nanostructures are divided into N thin slices parallel to the xy plane and the permittivity of the chiral STF is taken to be uniform. The value of each slice is equal to the value at the middle of the slice. This procedure is called piecewise homogenization technique [3] . In this technique we choose slice thickness of 0.5 nm or 0.1 nm. After this ascertaining approximation, the reflectances and transmittances converged on that value of slice thickness. All the optical response are computed numerically by using MATLAB simulation.
Numerical Results and Discussion
To illustrate the numerical results, we have considered the principal relative permittivities " a;b;c of nanostructured chiral STFs i.e. columnar thin film of tantalum oxide (TaO 2 ), which is periodically modulated. The relationship of " a;b;c with ð v Þ has been measured by the method proposed by Hodgkinson et al. [34] of CTFs for the experimental data of Tantalum oxide (TaO 2 ) which is represented as Before studying the optical characteristics of these nanostructures, we see how the vapor incident angle affect the remittances spectrum of light at a fixed frequency as shown in Figs. 2 and 3 for our selected structures were reported here. From the figures, it is observed that different vapor incident angles fabricate different structures which have different behaviors on incident light. The amplitude of reflection and transmission is highly affected by changing the modulation ð v Þ of the vapor incident angle. The reflection is gradually increased with increasing value of v as shown in Fig. 2 , but the amplitude of transmission is gradually decreased when v is increasing; after v ¼ 7 , there is no transmission, light is totally reflected for L ¼ 60 , and CSTFs behave as a Bragg mirror in the Bragg regime. Likewise, for L ¼ 320 , we see no . This is shown in Fig. 3 . Thus, the remittance spectrums are highly affected by different vapor incident angles. Now, we have used GLAD process to see how v affects without modulation, which is realized from the (5). Fig. 4 shows that, on fixed deposition angle, both column angle and the porosity do not change. The fixed porosity has a fixed refractive index. As the value of v , is increased the angle of inclination also increases, resulting in the change of porosity and refractive indices. From Fig. 4 , it is seen that, on different deposition angles, the STFs have different porosity, orientation and refractive indices, which have different optical properties. Thus, using GLAD process or modulation technique we can design different structures of STFs. Similarly different structures of nanomaterials can be designed, which have different porosity and structures, by changing angle of inclination through modulation of vapor incident like Fig. 4 of different porosities. The density plot in Fig. 5 shows that, as v decreases, porosity is increases. However, by increasing the value of modulation porosity is decreases. Thus, different optical devices in different range of wavelength can be fabricated by controlling different parameters. The main controlling parameter to design different nanostructures is the modulation of vapor incident angle, as shown in Fig. 5 . Here, we are focusing on modulation method but this can also be applied on GLAD process using Tait's rule.
The periodicity between lift and right circularly polarized incident light; reflected or transmitted when the handedness of light is equal to the structure of the target nanostructured films in a specific regime of free space wavelength. The band of refection and transmission of the film is proportional to the pitch of the helixes. The bandwidth of the reflection and transmission regime is determined by the planar birefringence of such materials [35] . Using such type of defects, nanostructures thin films materials can be used to determine the optical response. The optical response is determined for circularly polarized plane wave of normal incident as follows. The computed reflection and transmission spectrums of unperturbed bilayer chiral STF as function of wavelength is shown in Fig. 6. Fig. 6 show the computed remittances of circular polarization as functions of the free-space wavelength o for normal incidence. The reflectances shows that spectral hole is fabricated in the Bragg regime at a central wavelength of 635 Á 26 nm for right circularly polarized light which is shown in Fig. 6(a) . For right circularly polarized light, the co-polarized transmission component i.e. T RR behave as a bandpass filter of bandwidth 2 Á 4 nm in the resonances regime whereas, lift circularly polarized component is totally transmitted in the Bragg regime. So, from Fig. 6(b) it is seen that, the defect nanostructure of unperturbed chiral STFs of thickness L ¼ 60 fabricates a bandpass filters for normal incidence. Thus, the periodicity between lift and right circularly polarized light reflects or transmits light when the handedness of polarization becomes equal to the structure of the film in the Bragg regime.
The computed remittances for modulated nanostructures is shown in Fig. 7 . The modulation amplitude of vapor incident angle highly affects the remittances spectrum. A narrow Bragg peak and a spectral hole occur for both co-and cross-polarized components of circularly polarized light having v ¼ 2 . This is shown in Fig. 7(a) , whereas the transmission components of both lift and right circularly polarized light fabricating optical filters are shown in Fig. 7(b) in the Bragg regime. To change the vapor incident angle through modulation angle v ¼ 4 it is been achieved that, two spectral holes and Bragg reflector are produced for co-and cross-polarized components respectively in the Bragg regime as shown in Fig. 7(c) . On the other hand, ultranarrow and wide bandpass filters are also fabricates in the Bragg regime as shown in Fig. 7(d) .
Further change in vapor incident angle by changing the value of modulation of nanostructures as a result Bragg reflector and optical filters fabricated with a narrow hill in that regime. From Fig. 7(e) shows that, when v ¼ 6 the chiral STF behaves as a spectral hole with a narrow hill for cross-polarization and Bragg reflectors with a narrow spectral peaks (notch filter) of copolarized components. From Fig. 7(f) , we can see that both co-and cross-polarized components of circular polarization fabricate bandpass filters with a narrow transmission peak (notch which is useful in sensing application). It occurs in the Bragg regime of free-space wavelength. Moreover, it is observed from figures that by increasing the value of modulation of vapor incident angle, optical filters and Bragg reflectors occurs. However, it becomes even narrower and bandwidth is decreased from 2 Á 4 nm to 0 Á 5 nm when v is increased is shown in Fig. 7(g) and (h) . By further increasing it will die out in the Bragg regime, which shows that the robustness of the perturbed chiral STF makes polarization insensitive mirror. Thus, a perturbed chiral nanostructures provides a control mechanism for fabricating passband, ultranarrow passband filters and Bragg mirror. Hence, the tightly interlaced perturbed chiral STFs may be attractive for bandwidth engineering. It has been observed from the figures that defect nanostructures of chiral STFs is very tolerant by increasing the angle of vapor flux, even for a small change of modulation.
As the thickness of the given nanostructures is increased to L ¼ 320 , it fabricates narrow Bragg reflector and band limited filter of very small bandwidth. These results were computed with a wavelength resolution of 0.0005 nm. For unperturbed case, an ultranarrow bandstop filter of 0 Á 01 nm bandwidth and Bragg reflector is fabricated for lift circularly polarized light (i.e. for co-polarized components), which are shown in Fig. 8(a) and (b) at the central wavelength of 635 Á 535 nm, respectively. The co-polarized components of right circularly polarized light ðRCPÞ shows polarization insensitive mirror in the Bragg regime. For L ¼ 320 of perturbed chiral STFs of v ¼ 2 transmits the incident RCP and LCP plane waves in the Bragg regime, which fabricates a polarization insensitive passband filters other than stopband for unperturbed CSTFs as shown in Fig. 8(d) , for both co-and cross-polarized components. The bandwidth of 0 Á 4 for T LL and so on are shown in the Fig. 9(d) . The computed reflectance components of co-polarized RCP incident light shows polarization-insensitive Bragg reflector for T RR . However, for crosspolarized as well as R LL components, a spectral hole with a narrow hill (useful for optical sensing application) occurs in the Bragg regime as shown in Fig. 9 (c) for both LCP and RCP incident light. Therefore, when v increases the perturbed chiral STFs, the bandwidth of the resonance regime of the spectral hole filters and Bragg reflector becomes narrower as shown in Fig. 9 (e) and (f). Moreover, the spectral peak and hill die out in the Bragg regime and the bandwidth of ultranarrow passband filters become 0 Á 02 nm for v ¼ 3 computed in Fig. 9(h) . If the value of v is further increased after 3°, the spectral holes is vanishes and the perturbed chiral STFs again behaves as a polarization insensitive mirror in the Bragg regime. From the figures it is described that the perturbed chiral STFs defect nanostructures materials of large thickness due is very sensitive of modulation. The computed spectrums suggest that co-polarized as well as cross-polarized components of light can also function as a laser mirror, same as liquid crystal.
Furthermore, we can see the behavior of perturbed chiral nanostructures on different incidence angles for L ¼ 30 thickness. From Fig. 10 , we observed that oblique incident angle can't affect the optical response of unmodulated STFs. For unmodulated chiral STF, wide band reject filters and spectral holes is fabricated in the Bragg regime at oblique incident angles. Therefore, the incident angle of light can't affect the optical response of the perturbed chiral STFs and for every incident angle polarization, insensitive filter is fabricated.
In order to observe how v affects the remittance spectrum at fixed frequency, when different thicknesses of nanostructures were used. From Fig. 11 , it is observed that for a large value of v maximum reflection occurs in the Bragg regime. As L increases, the reflection gradually increases with increasing value of v and the nanostructured of chiral STF behaves as a perfect reflector in the Bragg regime. The transmission is gradually in the Bragg regime by increasing the value of v . Therefore, the transmission completely depends on thickness of the nanostructures. As the thickness increases, the transmission regime as a function of v decreases i.e., for large value of L the transmission and reflection is highly affected by v in these STFs nanostructures as shown in Fig. 11 . In the STF technology, periods of the structures is a great rule for fabricating different devices. As the thickness increases or decreases, we get different results in the Bragg regime, which gives us different optical instrumentation ideas. The most important parameter here is v which fabricate different structures with different characteristics and application using different periods of the nanostructures. From the figures, it is also observed that STF of different thickness have different application, which can be studied further in future research for the optical instrumentation on sculptured thin films technology.
Concluding Remarks
A defect in perturbed nanostructures of chiral sculptured thin films (STFs) was theoretically investigated. By using piecewise-uniform approximation technique, the remittances spectrum of defect chiral STFs of Tantalum oxide (TaO 2 ) nanostructures were computed. Tantalum oxide nanostructures have quite fascinating properties when its moderately thick layer is used. The given nanostructures of perturbed chiral STFs are used for fabricating optical filters (stopband, bandpass, and ultranarrow passband filters), Bragg reflectors and laser mirror which are polarization insensitive. When the STF of these nanostructures is sufficiently thick, its perturbation is used to convert and ultranarrow stopband filter to bandpass filter in the Bragg regime. Moreover, it is perceived that the perturbed nanostructures of chiral STFs behave as polarization sensitive as well as insensitive Bragg mirror when the modulation amplitude is sufficiently large. This indicates that polarization-insensitive Bragg mirrors and laser mirror is fabricated using perturbed chiral STF of tantalum oxide which are very tolerant to structural defects in these nanostructures. The given nanostructures also produce a narrow hill and spectral peak, which is mostly used in sensing applications. It has also been monitored that using different vapor incident angles different nanostructures are fabricated. Moreover, changing the thickness of the STFs, their effects on the amplitude of reflected and transmitted light are also scrutinized.
